Background Nitrate leaching is a primary pathway of nitrogen loss from agricultural systems, and is affected by both tillage and cropped species. However, there is little information on conservation systems without nitrogen fertilization. Methods Nitrate leaching was assessed in soybean (Glycine max) cropped in rotation with the following cover crops under no-till and chiseling: ruzigrass (Brachiaria ruziziensis), grain sorghum (Sorghum bicolor), pearl millet (Pennisetum glaucum), forage sorghum (Sorghum bicolor), Sunn hemp (Crotalaria juncea), triticale (X Triticosecale) and sunflower (Helianthus annuus). Results Ruzigrass and grain sorghum cropped in the fall/winter resulted in similar NO 3 − leaching, which was greater under sunflower than under triticale, likely due to high N uptake and immobilization in plant residues. Sunn hemp as a spring crop resulted in higher NO 3 − leaching than pearl millet at two locations and forage sorghum at one location likely due to a higher N input by biological fixation. Millet resulted in the lowest N leaching by depleting the soil solution. Chiseling/ fallow resulted in higher nitrogen leaching as compared with non-fixing N cover crops.
Introduction
Soil nitrate (NO 3 − ) available to plants is available for leaching as well (Errebhi et al. 1998) . Nitrogen (N) leaching is affected by water flow in the soil and by NO 3 − concentration in the soil solution, which is increased with nitrogen fertilizer application, one of the main factors affecting N loss from the system (Sexton et al. 1996; Fernandes and Libardi 2009) . However, leaching of the N derived from fertilizer, although proportional to the rate applied, may be small (Fernandes and Libardi 2009 ), amounting to 5% in a Yellow Red Latosol cropped with sugarcane (Ghiberto et al. 2011 ).
The amount of N lost by leaching also varies with the rate of soil N mineralization and immobilization by plants and microorganisms and with rainfall (Fernandes et al. 2006; Perego et al. 2012) . Soil organic matter (SOM) mineralization of may be responsible for a large part of the N leached in some agricultural cropping systems (Schneider and Haider 1992; Fernandes and Libardi 2009; Ghiberto et al. 2011 ).
In systems with little or no N input via fertilizer, SOM and plant residue mineralization are the main factors determining soil N availability, and consequently the amount of N prone to nitrification. This is the case of several soybean production systems in the world, where soybean is grown in the spring/summer and throughout the fall/winter season the soil remains uncropped or is cropped to cover crops -which are commonly not fertilized. Nitrate leaching at a rate of 23 kg ha −1 y −1 has been measured under a no-till (NT) corn-soybean rotation in the savanna region of Brazil (Wilcke and Lilienfein 2005) , but little is known about leaching rates under unfertilized soybean systems, mainly in tropical regions.
The introduction of cover crops that reduce N leaching is important to increase N use efficiency and system sustainability (Ochsner et al. 2010; Perego et al. 2012) . Cover crops can help to prevent N losses by taking up high amounts of N or by having C/N ratios that balance N mineralization and immobilization resulting in a better synchrony of mineralization with N uptake by the subsequent crop (Lara Cabezas et al. 2004) . Grasses may prevent losses by taking N up and immobilizing it in the biomass. On the other hand, legume cover crops add N to the system, which could offset losses. Sometimes, however, to prevent N losses from systems with high inputs of N by biological fixation, the inclusion of a catch crop might be a good strategy to prevent nitrate leaching (Askegaard et al. 2005) .
No-till is an important soil conservation practice. However, few producers adopt a diversified cropping system, another hallmark of conservation agriculture. The over-reliance on soybean production, which can result in inadequate crop residue to protect the soil structure, has led to excessive soil compaction in many areas. A strategy to manage soil compaction is chiseling, because it has less disruptive power as compared with disking, while maintaining higher amounts of crop residues on the surface (Williams et al. 2000) . However, chiseling effects are ephemeral, so it may be better to use diversified crop rotations including species with vigorous root systems able to grow in soils with high penetration resistance, creating stable pores through which roots of the subsequent crop can grow (Silva and Rosolem 2002) . While both cover crops and chiseling can potentially contribute to improvements in soil structure, they may have different effects on nitrate leaching, which is a primary pathway of N loss from the soil-plant system. No-till can result in lower NO 3 − leaching compared with conventional tillage due to a lower organic matter mineralization rate and/or a higher denitrification (Mkhabela et al. 2008) . In other cases, lower NO 3 − leaching under NT as compared with chiseling is due to increased water flow at depth and increased NO 3 − concentration in the soil solution under chiseling (Rekha et al. 2011) . However, sometimes NT may not decrease N leaching (Hansen et al. 2015) or even cause greater losses of N compared with conventional tillage due to the network of biopores in the soil profile under NT (Paul and Clark 1989) . It is clear that both cover crops and chiseling may have beneficial effects on soil physical properties under intensive NT soybean production. However, the effects of chiseling and cover crops with deep, vigorous root systems on NO 3 − leaching from these cropping systems has not been well documented. The objective of this study was to evaluate the effect of chiseling and cover crops grown in rotation with NT soybeans on N loss by leaching, in two long term experiments, in the absence of N fertilization. In both studies, the experimental design was a splitplot in complete randomized blocks with four replicates. In the Rhodic Hapludox, the following treatments have been used since 2006: the main plots consisted of grain sorghum (Sorghum bicolor (L.) Moench) and ruzigrass (Brachiaria ruziziensis Germain et. Evrard) cropped alone or intercropped, grown in the fall/winter; Pearl millet (Pennisetum americanum (L.) Leek), Sunn hemp (Crotalaria juncea L.), or forage sorghum (Sorghum bicolor (L.) Moench) were grown in subplots (5 × 10 m each) in the spring; and soybean (Glycine max (L.) Merrill) was grown in all subplots in the summer. Grain sorghum and soybean were harvested for grain. Ruzigrass, pearl millet, forage sorghum and Sunn hemp were grown as cover crops, being desiccated with herbicide just before planting the subsequent crop.
Material and methods

Evaluations
In the Typic Rhodudalf the following treatments have been applied since 2003: plots were cropped in the fall/ winter to triticale (Triticosecale Wittmack) and sunflower (Helianthus annuus L.); and the subplots (5 × 8 m each) in the spring to pearl millet, forage sorghum and Sunn hemp; the chiseling/fallow treatment was set in the subplots as well. Chiseling was performed in spring 2003 and 2009 at a working depth of 0.30 m, and these plots were kept fallow. In the summer, soybean was grown in all subplots. The fall/winter crops were grown to maturity and harvested, and the spring crops were terminated early with herbicide before soybean sowing. Cropping sequence and crop rotations are listed in Table 1 , and some chemical and textural characteristics of the soils are shown in Table 2 .
Nitrate leaching was estimated from May 01, 2012 (planting of fall/winter crops) to April 26, 2013 (10 days after 2012/13 soybean harvest), and was calculated based on NO 3 − concentrations in the soil solution collected at 0.8 m depth and on estimated drainage below 0.8 m. Soil solution was collected through ceramic cup extractors, adapted from Reichardt et al. (1977) , installed in the center of each subplot 80-cm deep. After each rainfall >3 mm, soil solution was extracted by applying vacuum equivalent to −60 kPa to the ceramic extractors. The time between vacuum application and soil solution collection was one day. Soil solution samples were collected for a total of 25 days during the experiment and stored in plastic tubes under refrigeration, and NO 3 − was determined by ultraviolet absorption spectrophotometry (Eaton et al. 1993) . Water drainage below 80-cm was calculated using the water balance method (Allen et al. 1998 ), according to the following equation:
where D is the water drainage (mm), R is the rainfall (mm), ET is the evapotranspiration (mm), ΔS is the variation in soil water storage down 80 cm deep (mm) and RO is the surface runoff (mm). Water storage in the soil profile was monitored using a capacitance probe (Diviner 2000®, Sentek Pt Ltd., Australia 2009) inserted in an access tube installed in each subplot. The capacitance probe measures the volumetric soil moisture at different soil profile points (every 10 cm up to 80 cm deep). Measurements were taken periodically, and the time interval between two consecutive measurements was dependent on rainfall. Measurements were taken on the first, second and third days after each rainfall. As the soil dried, the time interval between measurements increased. Soil water storage measurements were recorded on a total of 112 dates and the variation in soil water storage was calculated for every period between consecutive readings. Rainfall, average temperature, wind speed, relative humidity, and solar radiation were obtained from a meteorological station within 1000 m. Evapotranspiration from a grass reference surface (ET 0 ) was calculated following FAO-56 (Allen et al. 1998) . Actual evapotranspiration (ET, in mm) was estimated using the FAO-56 dual crop coefficient method (Allen et al. 1998) according to the equation:
where K s is the water stress coefficient (non-dimensional), K cb is the basal crop coefficient, and K e is the soil evaporation coefficient (non-dimensional). These three coefficients were calculated daily based on crop development stage, water content at 10 cm depth (first measure of capacitance probe), and soil water content of the root zone according to FAO-56 (Allen et al. 1998 ). The coefficient K s is used to adjust K cb as water availability decreases; hence, this percentage varies by crop according to tabulated values (Allen et al. 1998 ).
The K e ranged from 1.2 (fully wet and bare soil) to 0.0 (soil top layer dry and/or fully covered). The K cb values for each development stage of soybean, grain sorghum, forage sorghum and millet were used according to tabulated values (Allen et al. 1998 ). For Sunn hemp and triticale, the K cb of chickpeas and wheat were used, respectively. For ruzigrass and ruzigrass + grain sorghum, the K cb values obtained by Andrade Júnior et al. (2010) were used.
Surface runoff was calculated using the modified runoff curve number method, as suggested by Soltani and Sinclair (2012) . In that method, the soil water Table 1 Carbon and nitrogen contents, pH, bulk density and particle size distribution of the soils by the beginning of the experiments, in content -along with soil texture and relief -is a determining factor in runoff, which increases with soil water saturation. The coefficient that determines the effect of water content on surface runoff (SWRN) (Ritchie 1998) is presented in Eq. 3:
where SWC sat is volumetric soil water content at saturation (represented by soil porosity), SWC total is the actual volumetric soil water content, SWC wp is the volumetric soil water content at wilting point (determined at −1500 kPa by pressure plate). The following factor was used to determine surface runoff (RO), in mm (Eq. 4) (Soil Conservation Service 1985) .
where S is the retention parameter related to the soil curve number (CN) by S = 254 * (100/CN -1). Soil CN ranges from 0, when there is no run-off, to 100, which represents runoff of total rainfall. In the present study, a CN of 20 (Rhodic Hapludox) and 40 (Typic Rhodudalf) were used. The CN values were estimated by the approximate average of runoff curve numbers for a condition with permanent cover (pasture) (Soil Conservation Service 1985) (39 to Rhodic Hapludox and 61 to Typic Rhodudalf) and the runoff coefficients estimated to Brazilian soils (Lombardi Neto et al. 1994 ) (10% to Rhodic Hapludox and 20% to Typic Rhodudalf). The CN were low because the experiments were under no-tillage, the terrains were flat and the soils have high water infiltration rate, as described by Prando et al. (2010) for the Rhodic Hapludox.
The amount of N leached between each pair of solution sampling dates was estimated by multiplying the average NO 3 − concentration in the soil solution by the estimated water drainage below 0.80 m, according to the following equation: ), 0.226 is the conversion factor of mg NO 3 − into mg N, and 100 is the conversion factor to obtain kg ha −1 . Samples of the remaining plant residues on the soil surface were taken after the previous soybean harvest (April 2012), after the harvest of the fall/winter crop (September 2012), and after chemical desiccation of the spring cover crops (early December 2012). Samples were collected from three random points per subplot, using a 0.5 × 0.5 m wooden frame. The material was stored in paper bags and dried to constant weight in a forced air oven at 60°C. The samples were then ground in a Wiley mill and sieved through a 1 mm mesh. Total N and C were determined in an automated elemental analyzer (TruSpec™ CHNS, LECO®) (Swift 1996) .
Treatment effects were analyzed using ANOVA. When significant differences were found (F test, P < 0.05), means were compared using t test (LSD, P < 0.05), except for the main plots in Typic Rhodudalf, in which means were compared by F test (P < 0.05). The NO 3 − concentrations in the soil solution were compared for each sampling time.
Results
Rhodic Hapludox
The highest N accumulation in soybean residue following the 2011/12 harvest was observed in plots with ruzigrass as a fall/winter crop, and in subplots with Sunn hemp grown in the spring (Table 3) . For the fall/winter crops, the amount of N accumulated in ruzigrass residue was greater than that of ruzigrass + grain sorghum and grain sorghum. All fall/winter crops accumulated more N in systems where forage sorghum was grown in the spring. Among the spring crop residues, Sunn hemp -the only legume grown in the spring -had the highest N amount. The N in spring crops residues was also strongly affected by fall/winter crops, since it was higher when Sunn hemp, millet and forage sorghum were grown after ruzigrass. No significant interaction was observed between fall/winter and spring crops. There was no interaction of fall/winter and spring crops for total N leaching, drainage and nitrate concentration in the soil solution. Total N loss via NO 3 − leaching was higher in systems cropped to Sunn hemp and forage sorghum in the spring (Table 4) . In these rotations, total N-NO 3 − leaching reached 33.6 and 32.2 kg ha
, respectively, almost twice the value observed in the system with pearl millet. No significant differences in NO 3 − leaching were observed among fall/ winter crops, and the total average N-NO 3 − leaching was 22.4 kg ha −1 . Soil water drainage varied widely throughout the year, but showed only small variations between cropping systems (Fig. 2) . A long period with successive negative drainage values (upward water movement) was observed in the winter as result of the lack of rainfall and root growth in the soil profile, what generated the matric potential gradient. In contrast, five peaks were observed -resulting from heavy rains occurring at the beginning of winter and during summer -with high drainage values (> 60 mm). These peaks were primarily responsible for the high total drainage values throughout the year, which ranged from 625 to 676 mm (Table 4) .
Two periods with high NO 3 − concentrations in soil solution were observed: the first in early winter, and the second late in the spring crops (Fig. 3) . In the first period, the higher NO 3 − peak in soil solution was observed under ruzigrass ( Fig. 3a) and Sunn hemp (Fig. 3b) . This finding was most likely related to the higher amount of N in soybean residue present in these plots and subplots. The second period started at the end of November and extended until February, from the end of the spring crop through half the soybean cycle. Some differences were observed during this period between plots that had different fall/winter crops (Fig. 3a) . Higher NO 3 − concentrations were observed in plots where ruzigrass + grain sorghum was previously grown compared with plots where ruzigrass was grown alone in the fall/winter. For spring crops, the lowest NO 3 − concentration in soil solution was observed for pearl millet (Fig. 3b) . Rotations including Sunn hemp and forage sorghum showed a peak in NO 3 − concentration in soil solution in January 2013, whereas in subplots with Means followed by different letters differ significantly by t test (LSD) at 5% probability. CV = coefficient of variation . This low concentration under pearl millet might be the primary cause for the low total NO 3 − leaching in that cropping system (Table 4) .
Typic Rhodudalf
There was no significant interaction of fall/winter and spring managements for any variable. Accumulated N in plant residues after soybean in April 2012 was not affected by fall/winter crops, but it was higher when soybean followed Sunn hemp (Table 3) , due to a higher N concentration in plant residues (data not shown), since straw dry matter was similar (data not shown) between treatments. There were no significant differences in plant residue N accumulation after the fall/winter crops ( Table 3 ). The N accumulation in plant residues after the spring crops was higher in rotation with sunflower than triticale, due to a lower N immobilization by sunflower. Among the spring crops, N accumulation in plant residues was higher under Sunn hemp than pearl millet and chiseling/fallow (Table 3) , mainly due to the higher N concentration of the legume (data not shown). Although the seasons were not statistically compared, accumulated N decreased from soybean to fall/winter, due to the higher N concentration and low C/N ratio of soybean residues, which were mineralized, and its N used and exported by fall/winter crops. The accumulated N in plant residues increased from fall/winter to spring due to the growth of cover crops and weeds (fallow subplots), which were not harvested. It is worth observing that even the weeds were able to accumulate N at the chiseling/fallow subplots. Accumulated drainage for approximately one year averaged 556 mm (Table 4) , corresponding to 29% of the cumulative rainfall (1906 mm). The time series of drainage during the year were similar across the different fall/winter and spring treatments (Fig. 4) . However, among the spring managements, cumulative drainage was highest with chiseling/fallow. Nitrate leaching was highest for Sunn hemp and lowest for millet (Table 4 ). The NO 3 -N concentrations in the soil solution were higher with sunflower as compared with triticale from June to early December (Fig. 5a) , whereas the highest concentration among the spring treatments was found with Sunn hemp throughout much of the year (Fig. 5b) . Chiseling/fallow resulted in the lowest N concentrations in the soil solution from May until mid-November, but equaled Sunn hemp from midDecember to mid-January (Fig. 5b) . Nitrogen concentrations were similar between sorghum and pearl millet for most sampling periods, in contrast to the results at the Rhodic Hapludox site, where N concentrations were mostly higher under sorghum than under pearl millet. The millet and sorghum NO 3 -N concentrations did not differ from Sunn hemp from November to early December but were lower thereafter.
Discussion
Considering that the soil was under continuous cropping for most of the year and the absence of N fertilization, the observed total N losses via NO 3 − leaching were relatively high, similar to or even higher than that observed in systems with N fertilization. For example, Wilcke and Lilienfein (2005) measured a N leaching rate of 23 kg ha −1 y −1 under a corn-soybean system in the Brazilian Cerrado, which was fertilized at an average annual rate of 70 kg N ha
. In a Typic Hapludox soil, similar to our Rhodic Hapludox, N leaching from a corn crop fertilized with 120 kg ha −1 ammonium sulfate over a 120-day period was 18.5 kg ha −1 (Fernandes et al. 2006 ). Nitrogen losses observed in both experiments were clearly due, in large part, to the high rainfall during the experimental period (1906 mm), especially at the beginning of winter and during summer, which resulted in high water drainage (overall mean of 642 and soil prone to greater drainage than the finetextured soils in the present study. It is worth noting that nitrate leaching values may be higher than that observed, because the ceramic suction cups may show smaller NO 3 − -N content than observed with lysimeters (Zotarelli et al. 2007 ). However, in some occasions, these two sampling methods show similar results (Wang et al. 2012 ).
The experimental areas, particularly at the Rhodic Hapludox, are located in a predominantly flat terrain, and the soils have a high water infiltration rate (Prando et al. 2010) , which results in high water drainage. Hence, the values observed in these experiments are within an expected range. In the Typic Rhodudalf, under chiseling/fallow, accumulated drainage was 45 to 62 mm higher than in the other spring managements due to a lower evapotranspiration during the brief fallow between tillage and soybean planting (Table 4) .
Although data across the two experiment locations have not been statistically compared, it is clear that the NO 3 − -N content in the leachate was higher at Rhodic Hapludox (Fig. 3) than Typic Rhodudalf (Fig. 5) . This result surely is related to a higher sand content in the Rhodic Hapludox, what provides lesser protection to soil organic matter and can contribute to a higher N mineralization (Six et al. 2002) . On the other hand, the Typic Rhodudalf also showed smaller drainage than Rhodic Hapludox (Table 4) Hapludox. This result can be related to a higher N accumulation after the fall/winter and spring crops in the Typic Rhodudalf (Table 3) , associated with its higher sand content. Also, it can be observed that variations in NO 3 − -N contents are faster in the Rhodic Hapludox than in the Typic Rhodudalf, an evidence that the NO 3 − -N content at 0.8 m depth took longer to reflect what was happening at surface. In the Typic Rhodudalf, the fall/winter crops showed differences up to soybean planting (Fig. 5a) , and spring crops showed differences along the year (Fig. 5b) . This delay can be related to the higher clay content of the Typic Rhodudalf, i.e., this soil has more positive charges to retain NO 3 − (Harmand et al. 2010; Nakagawa et al. 2012) . Considering the fall/winter crops at both experiments, it is clear that grasses (grain sorghum, ruzigrass and triticale) scavenge more N than dicots (sunflower). Winter crops showed small differences in the Rhodic Hapludox (Fig. 3a) , since they all are grasses, while in the Typic Rhodudalf sunflower resulted in higher NO 3 − concentration than triticale (Fig. 5a ). These results reflected in the total N loss of by leaching, because there was no difference among winter crops in the Rhodic Hapludox and N leaching was higher with sunflower than with triticale in the Typic Rhodudalf (Table 4 ). This may be related to a higher N content and lower C/N ratio of the soybean residue when it was preceded by sunflower (data not shown). Also, besides the residues on the surface, the nitrogen remaining in the soybean root system and the higher activity of the microorganisms due to the increased N availability must be considered. Interestingly, triticale decreased soil solution nitrate concentration from one month after planting to the next spring, and then, a few days after soybean planting, NO 3 − concentrations were again similar to those under soybean following sunflower (Fig. 5a ). Triticale apparently decreased the solution nitrate concentration for two reasons: the first, by the intense uptake of N and consequently higher N exportation by grains than sunflower (14.5 kg ha −1 N of difference, data not shown);
and second, by immobilization of N by straw, and possibly by roots as well, as shown by the continued low nitrate levels until soybean was planted.
In both experiments, generally NO 3 − concentration was higher under Sunn hemp than under pearl millet. Although millet has a high N uptake efficiency (Thivierge et al. 2015) , in our case the residue N accumulation was lower in millet subplots (Table 3) , excluding chiseling/fallow, and consequently the lowest amount of mineralizable N in the residue. The lower N accumulation in millet residue could explain, at least in part, the lower NO 3 − concentrations found in the soil solution. Menezes et al. (1997) proved that millet has a strong capacity to take up nitrate deeper than 1 m, which makes it an interesting cover crop to manage nitrate leaching.
The decrease in NO 3 − concentration in soil solution with cover crops was higher for grasses than for legumes, probably because almost all N taken up by grasses comes from the soil, whereas legumes such as Sunn hemp obtain most of their N from biological N 2 fixation, resulting in smaller changes in soil N concentration (Meisinger et al. 1991) . This could explain the differences observed between systems with millet and Sunn hemp. This reasoning, however, does not apply to the results obtained for systems with forage sorghum. Growing forage sorghum in the spring, which, like millet, is a grass, resulted in N losses via NO 3 − leaching similar to those observed for Sunn hemp in the Rhodic Hapludox (Table 4) . These losses, however, do not seem to be related to plant dry matter production or N accumulation. The NO 3 − concentrations in soil solution in the forage sorghum subplots were similar to those in the Sunn hemp subplots for the experimental period (Fig. 3b) . This result leads to the hypothesis that the high N-NO 3 − leaching in systems with forage sorghum results from such systems' cumulative effects, particularly regarding N accumulation in the soil. This hypothesis assumes SOM mineralization as the main source of the N lost via leaching in agricultural systems (Schneider and Haider 1992; Fernandes and Libardi 2009; Ghiberto et al. 2011) , so that the higher the soil N content, the higher the potential for N leaching. Actualy, the highest total soil N content was found in forage sorghum and Sunn hemp subplots (data not shown), which supports this hypothesis. , respectively. The root type of the species should also be considered, especially for the crops grown in spring. Sunn hemp, a legume with a tap root system, has lower root density and length than grain sorghum or millet, both grasses with fibrous root systems (Calonego and Rosolem 2010) . The higher root production by millet and forage sorghum results in the formation of more biopores. These differences may extend to the 60-cm soil layer and affect the root growth of soybean cropped in succession, which grows better when cropped following millet and forage sorghum (Pivetta et al. 2011 ). The higher residue N accumulation of the legume may explain the high N leaching. The differences between forage sorghum and millet, which have similar root systems, are most likely due to differences in soil N availability, as discussed above.
Considering the spring managements in the Typic Rhodudalf, despite the major differences in the NO 3 − -N concentrations during fall/winter, accumulated leaching was more affected by differences in N concentrations during the summer, since most of the rainfall (Fig. 1) , and consequently drainage (Fig. 4b) , occurred in this period. An example is chiseling/fallow, which had the lowest NO 3 − -N concentration up to soybean planting, but showed the second highest cumulative leaching because, during the soybean crop, NO 3 − -N levels were higher than those in the sorghum and millet rotations. The greatest loss of NO 3 − -N by Sunn hemp was expected as a result of the higher N input by this species in the system, as shown by the high accumulation of N (Table 3 ) and low C/N (data not shown) in the plant residues after desiccation. Considering that 57% (Perin et al. 2004 ) to 65% (Paulino et al. 2009 ) of the N in Sunn hemp comes from biological fixation, the larger N loss is compensated by a higher N input. Thus, the management chiseling/fallow results in higher N losses via nitrate leaching as compared with managements in which there is no N inputs by biological fixation.
It is worth noting that chiseling was done only in 2003 and 2009, so the most recent tillage had been done three years prior to data collection for this study. N losses would likely be greater in this treatment if the measurements occurred immediately after a tillage event, due to a higher organic matter mineralization. In a corn-soybean rotation with an average of 168 kg N ha −1 applied annually as swine manure, Rekha et al. (2011) , respectively. Paul and Clark (1989) suggested that under no-till, a higher N loss by leaching may occur due to the formation of continuous biopores in the soil resulting in increased water flow. However, this was not observed in this experiment. Considering that after chiseling the soil was always kept fallow from the harvest of winter crops to soybean planting, the results are also related to the absence of crops and the presence of weeds in this period. Thus, it is demonstrated that cover crops are a better soil compaction management strategy than occasional chiseling, since they are more effective in conserving soil N, even when grown for a short period.
Conclusions
Nitrogen losses via NO 3
− leaching must be considered in cropping systems with no N fertilizer supplied since these losses can reach 33.6 kg ha −1 year 1 . In these systems, the magnitude of NO 3 − leaching is dependent of soil type, soil N content and N input by species in the system. Occasional chiseling in no-till soybean cropping systems is also a key factor, since it can result in higher leaching for at least three years. The introduction of grasses with a vigorous root growth in the cropping system decreases NO 3 − concentrations in the soil solution, and it seems to be a good option, which deserves further consideration for incorporation into no-till soybean production systems. When Sunn hemp is grown in the spring, NO 3 − -N leaching is increased due to a higher N input into the system. Therefore it is important to alternate N fixing species with plants with high N scavenging capabilities, like millet, to decrease N leaching from agricultural production systems.
